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Abstract: It is widely accepted that a tight coordination between carbon (C) utilization in the sink
and C assimilation and metabolism in the source exists in higher plants. However, much of our
current understanding is based on research from herbaceous plants, where the source and sink
interaction is less sophisticated compared to woody perennials with a significant sink presence.
Apple (Malus x domestica Borkh.) is a good representative of the latter category, and its production
and transport of sorbitol, in addition to sucrose, adds complexity to C regulation. In this study, four-
year-old “Gala”/”M.26” apple trees were subjected to crop load levels at 2.5, 7.5, and 15 fruits/cm2

trunk cross-sectional area. Low crop load trees exhibited reduced leaf C assimilation and extra
accumulation of non-structural carbohydrates (NSC). This was primarily a result of reduced activity
of Rubisco and increased activities of key enzymes that synthesize starch, sucrose, and sorbitol.
Among the NSC, leaf starch was found to be most sensitive to crop load and could function as a
leading indicator for source–sink balance in apple. However, even the high crop load trees still
retained a significant amount of NSC in leaves at dawn, demonstrating that apple is fundamentally
different from herbaceous plants in the way it balances leaf carbon inventories at dawn with carbon
export at night for sink growth.

Keywords: crop load; enzyme activities; net CO2 assimilation; non-structural carbohydrates; source–
sink relationship

1. Introduction

Carbon (C) assimilation and metabolism fuel plant growth and development. In terms
of the source–sink relationship, it is widely accepted that a tight coordination between C
utilization in the sink and C assimilation and metabolism in the source exists in higher
plants [1–12]. However, much of our current understanding is based on research conducted
on model plant Arabidopsis [13–15] and herbaceous crop plants such as rice [10,12] and
tomato [16–18]. For Arabidopsis, the source and sink interaction is less sophisticated com-
pared to plants that invest significant C resource to sink tissues [19]. Even for herbaceous
plants with a significant sink presence, their source and sink interaction could also be vastly
different from woody plants [2]. Therefore, more work on woody plant species is needed
to provide a full picture of how carbon metabolism is regulated in higher plants [12,20,21].

Many economically important tree fruits in Rosaceae have a significant sink presence.
Apple (Malus x domestica Borkh) is a good representative, as it often allocates over 70% of
its annual dry matter gain to fruits [22,23]. The regulation of C metabolism in apple has yet
another layer of complexity. In most plants, sucrose is the major transported C from source
to sink. In apple, like many other tree fruits in Rosacea, sorbitol is synthesized in addition
to sucrose in source leaves, and both sorbitol and sucrose are transported to sink tissues to
fuel growth and development [24]. This dual-C transport system makes the regulation of
C metabolism in apple more complex and interesting.
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Crop load manipulation has long been used to alter source–sink relationship to im-
prove fruit quality and mitigate biennial bearing in fruit crops. However, the results have
been inconsistent regarding how crop load affects C assimilation and metabolism in leaves.
While crop load was found to positively influence photosynthetic rate by most [25–41], it
was also reported to have no effect [42–44] or negative effects [43,45,46] by others. Little
research has examined how crop load affects the activities of key enzymes involved in
photosynthesis [25,36,38,45,47], and it is unclear whether crop load largely affects leaf
photosynthesis via its long-term effect on the activities of these enzymes. There is also
no consensus regarding how low crop load affects non-structural carbohydrates (NSC)
accumulation in leaves [25,30,33,34,37,40–42,47,48], an aspect proven to be important in
source and sink communication [2,5,7,9,10,12,49,50].

In this study, four-year-old “Gala/M.26” apple trees were subjected to three crop
load levels. To further understand how altered sink capacity in woody perennial plants
affects C assimilation and metabolism in the source, metabolic analysis was conducted
in mature leaves at different times of the day during rapid fruit expansion. We exam-
ined photosynthetic rate, activities of key enzymes involved, and concentrations of key
metabolic end products and intermediates. We found that in apple sink activity regulates
C assimilation and metabolism via its long-term effect on key enzymes involved, and
apple is fundamentally different from herbaceous plants in the way it balances leaf carbon
inventories at dawn with carbon export at night for sink growth.

2. Materials and Methods
2.1. Plant Materials

Twenty four-year-old “Gala” apple trees on “M.26” rootstock were grown in 55-L
plastic containers filled with sand at Cornell Orchards in Ithaca, NY. The trees were lined
up in a single row in an east–west orientation with a between-tree spacing of one meter.
They received Hoagland nutrient solution via fertigation the same way as described in [22]
and standard disease and pest management throughout the growing season. The trees were
assigned to three crop load levels, with six replicates per treatment (single tree per replicate),
excluding the two trees at the end of the row. The treatment levels were low crop load
at 2.5 fruits/cm2 trunk cross-sectional area (TCSA), medium crop load at 7.5 fruits/cm2

TCSA, and high crop load at 15 fruits/cm2 TCSA, achieved by hand thinning at the 10-mm
king fruit size. The chosen treatments reflect the most common range of crop load levels
encountered in apple production, with 7 to 8 fruits/cm2 TCSA being the optimal level for
good size and quality.

2.2. Photosynthetic Gas Exchange

Carbon dioxide assimilation (A) and stomatal conductance (gs) were measured be-
tween 10–11:30 a.m. throughout the growing season between seven days after full bloom
(DAFB) and 162 DAFB (35 days post-harvest) with a CIRAS-1 portable photosynthesis
system (PP system, Hitchin, Hertfordshire, UK) using a standard broad leaf cuvette. The
measurements were made on one representative leaf from each tree that was fully de-
veloped, well-lit, and from a bourse shoot where fruits were located, except the first
measurement, which was made on the largest spur leaf just below the flower cluster.

2.3. Light Response Curves

To determine leaf photosynthetic responses to light intensity, light response curves
were constructed with Li-Cor 6400 portable photosynthesis system (Li-Cor, Inc., Lincoln,
NE, USA). Three mature and well-lit leaves were chosen from each crop load level for
the measurement at photosynthetic photon flux density (PFD) of 1800, 1400, 1250, 1000,
750, 500, 250, 100, 50, and 0 µmol·m−2·s−1 (in that sequence) with 6400–40 Leaf Chamber
Fluorometer (LCF) as the light source. Cuvette conditions were maintained at an ambient
CO2 concentration of 400 µmol·mol−1, and leaf temperature of 25 ◦C. Measurements were
taken after steady state was reached.
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2.4. A/Ci Curves

Leaf net CO2 assimilation (A) responses to different intercellular CO2 concentrations
(Ci) were constructed with Li-Cor 6400. Three mature and well-lit leaves were chosen
from each crop load level for the measurement at CO2 concentrations of 400, 100, 200,
300, 550, 700, 900, 1200, and 1500 µmol·mol−1 (in that sequence), with 6400-02B as the
light source. Cuvette conditions were maintained at PFD of 1600 µmol·m−2·s−1, relative
humidity > 60%, and leaf temperature of 25 ◦C. Measurements were taken after steady
state was reached. To understand the biophysical and biochemical limitations to photo-
synthesis, Vc,max (maximum carboxylation rate allowed by ribulose 1·5-bisphosphate
carboxylase/oxygenase (Rubisco)), J (rate of photosynthetic electron transport (based on
NADPH requirement)), TPU (triose phosphate utilization), and Rd (day respiration) [4,51]
were derived from A/Ci curve based on the models developed by [4] and using non-linear
curve-fitting routine available in Microsoft Excel.

2.5. Metabolites Analysis

Leaf disks (1.277 cm2) from different crop load levels were taken at noon, dusk,
and dawn, frozen in liquid N2, and stored at −80 ◦C until use. Gas chromatography–
mass spectrometry (GC–MS) metabolite profiling was carried out via an Agilent 7890A
GC/5975C MS (Agilent Technology, Palo Alto, CA, USA) with an electron ionization source
as described by [52]. The pellets after the extraction of polar metabolites were used for
starch analysis below. Duplicate leaf disks were taken on the same day at noon only to
measure metabolite intermediates: glucose-6-phosphate (G6P), fructose-6-phosphate (F6P),
and 3-phosphoglycerate (PGA). These compounds were extracted and assayed according
to [53] with modifications [54].

2.6. Starch Analysis

Leaf starch was extracted and assayed from the pellets after extraction of polar metabo-
lites according to [55]. The pellets were first boiled in 2 mL of 0.2 mol·L−1 KOH for 30 min.
After adjusting the pH to 4.5 with 1 mol·L−1 acetic acid, they were then digested by 30 units
of amyloglucosidase (EC3.2.1.3) for 30–60 min at 55 ◦C. The reaction was stopped by boil-
ing for 1 min to inactivate the enzyme, and the solution was cooled and diluted to 5 mL
with H2O. After centrifugation, the supernatants were used for the determination of the
resulting glucose using an enzymatic assay described by [56].

2.7. Enzyme Activity Assays

To quantify the activity of key C assimilation and metabolism enzymes, leaf disks
(1.277 cm2) from different crop loads were taken at noon in full sun, frozen in liquid
N2, and stored at −80 ◦C until being extracted. Ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco, EC4.1.1.39), NADP-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, EC1.2.1.12), phosphoribulokinase (PRK, EC2.7.1.19), and sucrose–phosphate syn-
thase (SPS6, EC2.4.1.14) were extracted according to the methods described by [54]. Two or
three frozen leaf disks were ground with a pre-cooled mortar and pestle in 1.5 mL extraction
buffer containing 50 mM Hepes-KOH (pH 7.5), 10 mM MgCl2, 2 mM ethylenediaminete-
traacetic acid (EDTA), 10 mM dithiothreitol (DDT), 1% (v/v) Triton X-100, 1% (w/v) bovine
serum albumin (BSA), 10% (v/v) glycerol, and 5% (w/v) insoluble polyvinylpolypyrroli-
done (PVPP). The extract was centrifuged at 13,000 g for 5 min, and the supernatant was
assayed immediately.

To measure the total Rubisco activity, the leaf extract was first incubated in assay
solution without RuBP for 15 min at room temperature. The reaction was then initiated
by the addition of RuBP [57]. Activities of GAPDH and PRK were determined according
to [58].

SPS was assayed according to [54] with some modifications. Sixty microliter extract
was incubated for 20 min at 30 C with 100 mM Hepes-KOH (pH7.5), 100 mM KCl, 6 mM
EDTA, 30 mM uridine 5’-diphosphoglucose (UDPG), 10 mM F6P, and 40 mM glucose-6-G6P
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in a total volume of 100 µL. The reaction was stopped by boiling for 3 min, held on ice for
15 min, and then centrifuged at 13,000 g for 1 min. An aliquot (60 µL) of the supernatant
was assayed for uridine 5´-diphosphate (UDP) by coupling with the oxidation of NADH
with lactate dehydrogenase (LDH, EC1.1.1.27) and pyruvate kinase (PK, EC2.7.1.40). The
reaction mixture (1 mL) contained 50 mM Hepes-NaOH (pH7.0), 5 mM MgCl2, 0.3 mM
NADH, 0.8 mM phosphoenolpyruvate (PEP), 14 units LDH, and 4 units PK. PK was added
last to start the reaction, and an aliquot was boiled for 3 min to stop the reaction. Leaf
ADP-glucose pyrophosphorylase (AGPase, EC2.7.7.27) and aldose-6-phosphate reductase
(A6PR, EC 1.1.1.200) were extracted and assayed according to methods described in [59]
and [60], respectively.

2.8. Statistical Analysis

To compare mean measurements of samples from different crop load treatments,
Tukey’s HSD test at α = 0.05 was used after analysis of variance with software JMP,
version 11.

3. Results
3.1. Crop Load Affected Photosynthetic Carbon Assimilation and Stomatal Conductance

Before crop load adjustments at 7 DAFB, leaf assimilation rates were comparable
in different crop load levels. Post adjustment, and throughout the growing season, leaf
assimilation rate, was always the lowest in low crop load trees and highest in high crop
load trees (Figure 1), although it followed a similar seasonal pattern across treatment levels.
The effects of crop load on assimilation rate gradually diminished post-harvest. At 18
and 35 days after harvest, respectively, the assimilation rates of medium and high crop
load trees dropped to a level similar to that of low crop load trees (Figure 1). Crop load
also affected stomatal conductance, gs. Similar to the assimilation rate, gs was always the
lowest in low crop load trees during the growing season, followed by medium and high
crop load trees. The stomatal conductance of the low crop load trees differed from high
crop load trees by a factor between 1.5 and 2.8. Postharvest, gs from high and medium
crop load trees decreased to the levels that were not statistically different from low crop
load trees. Throughout the growing season, gs was also shown to be positively correlated
with assimilation rate with an average R2 of 0.6.

Figure 1. Effects of crop load on leaf CO2 assimilation (A) throughout the growing season, from
seven days after full bloom (DAFB, before crop load adjustment), to 162 DAFB (35 days after harvest).
Each point is mean ± SE (n = 6). The arrow indicates fruit harvest.
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To further understand how the photosynthetic performance responds to crop load, we
measured photosynthetic responses to different light intensities and CO2 concentrations on
mature and well-lit leaves from each crop load level during rapid fruit expansion in early
August. Light response curves and A/Ci curves were constructed. As PFD or intercellular
CO2 concentration increased, leaf CO2 assimilation increased as well. At any given PFD
or Ci, CO2 assimilation was always greater in high crop load trees than low crop load
trees (Figure 2). Leaf Vc,max, J, TPU, and Rd were the highest in the high crop load trees,
followed by medium and low crop load trees when they were estimated based on the
model described in [4] (Figure 2).
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Figure 2. Effects of crop load on light response curve (A) and A/Ci response curve (B) of ap-
ple leaves. For A, each data point represents mean ± SE (n = 3). For B, each data point repre-
sents mean ± SE for leaf Ci (horizontal, n = 3) and CO2 assimilation (vertical, n = 3). Parame-
ters of A/Ci curves for different crop load levels were estimated according to [4] and as follows:
for low crop load, Vc,max = 50 µmol·m−2 s−1, J = 82 µmol·m−2·s−1, TPU = 5.7 µmol·m−2·s−1,
Rd = 1.14 µmol·m−2·s−1; for medium crop load, Vc,max = 66 µmol·m−2 s−1, J = 114 µmol·m−2·s−1,
TPU = 8.4 µmol·m−2·s−1, Rd = 1.15 µmol·m−2·s−1; for high crop load, Vc,max = 90 µmol·m−2 s−1,
J = 160 µmol·m−2·s−1, TPU = 11.5 µmol·m−2·s−1, Rd = 1.25 µmol·m−2·s−1.

3.2. Crop Load Altered Accumulation of Non-Structural Carbohydrates (NSC)

NSC were extracted and measured from leaf discs taken at noon, dusk, and dawn dur-
ing rapid fruit expansion. Metabolic intermediates G6P, F6P, and PGA were only assayed
from leaf discs taken at noon. Crop load affected the level of NSC and the intermediates,
and the effects became more prominent as time progressed to the dawn of the next day. At
noon, higher concentrations of starch (~3.3-fold) and lower concentrations of G6P (~60%),
F6P (~70%), and PGA (~60%) were detected in low crop load trees than that of high crop
load trees (Figures 3 and 4). The concentration of fructose in low crop load trees was about
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75% of that in medium crop load trees and 84% of that in high crop load trees. At dusk, the
effects of crop load started to manifest on more compounds. Compared with that of high
crop load trees, in low crop load trees, the concentration increased by a factor of ~1.3 for
sorbitol, ~1.2 for sucrose, ~3.1 for starch, and ~1.6 for total non-structural carbohydrates
(TNC) (Figure 3). The concentration of fructose in low crop load trees was again the lowest
and about 70% of that of high crop load trees. At dawn, concentrations of sorbitol and
TNC increased with decreasing crop loads, and concentrations of starch and sucrose were
higher in low crop load treatment than in the other two treatments. Compared with that of
high crop load trees, in low crop load trees the concentration increased by a factor of ~1.8
for sucrose, ~1.9 for sorbitol, ~7.5 for starch, and ~2.2 for TNC. No significant difference
was detected for fructose level at dawn.
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Figure 3. Effects of crop load on the concentrations of non-structural carbohydrates at noon, dusk,
and dawn in apple leaves: starch (A–C), sorbitol (D–F), sucrose (G–I), glucose (J–L), fructose (M–O),
and total non-structural carbohydrates (P–R). Each bar is mean ± SE (n = 6). Different letters above
the bars indicate a significant difference for Tukey’s HSD test at p < 0.05.
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Figure 4. Effects of crop load on the concentrations of carbon metabolism intermediates in apple
leaves at noon: glucose-6-phosphate (G6P, A), fructose-6-phosphate (F6P, B), and 3-phosphoglycerate
(PGA, C). Each bar is mean ± SE (n = 5). Different letters above the bars indicate a significant
difference for Tukey’s HSD test at p < 0.05.

Throughout the diel cycle, the drops in NSC levels were smaller in low crop load trees
than in high crop load trees. For sucrose, low crop load trees had a 30% reduction at dawn
compared to the noon of the previous day, while high crop load trees had a 50% reduction.
For sorbitol, low crop load trees had comparable levels at these two time-points, while high
crop load trees had a 30% reduction. For fructose, low crop load trees had a comparable
level between dusk and dawn, while high crop load trees had a 30% reduction. For glucose,
low crop load trees had a 5% reduction comparing dusk to that of noon, while high crop
load trees had a 50% reduction. While about 60% of starch was re-mobilized at night in
high crop load trees, no difference in starch level was detected in low crop load trees across
the three time points we measured, indicating that very little leaf transitory starch was
remobilized for C export in these trees at night.

Crop load also altered the ratio between end-products of photosynthesis accumulated
in the leaves. Low crop load trees had a higher starch/(sucrose + sorbitol) ratio compared
with that of high crop load trees at noon and dusk. At noon, the starch/(sucrose + sorbitol)
ratio was ~0.5 in low crop load trees and ~0.2 in high crop load trees. This ratio dropped to
~0.4 for low crop load trees at dusk and ~0.1 for high crop load trees. In addition, the ratio
of sorbitol/sucrose was higher in low crop load trees at noon compared with that of high
crop load trees. In low crop load trees, this ratio was ~4.8 and in high crop load trees, ~3.8.

3.3. Crop Load Changed Activities of Key Enzymes in Carbon Assimilation and Metabolism

Activities of Rubisco, PRK, GAPDH, SPS, AGPase, and A6PR were measured from
leaf disks taken at noon in full sun from different crop load levels. Rubisco activity was
lower in low crop load trees, while the activity of PRK did not differ across crop load
levels (Figure 5). Higher SPS and AGPase activities were detected in low crop load trees,
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regardless of whether the data were expressed on a protein basis or leaf area basis (Figure 5).
A6PR activity was higher in low crop load trees than medium and high crop load trees
with Student’s t-test; however, the difference was not significant with Tukey’s HSD test.
No difference was detected for the activity of GAPDH (Figure 5).
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Figure 5. Effects of crop load on the activities of key enzymes involved in carbon assimilation and
metabolism in leaves at noon, expressed on leaf area and protein basis: Ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco, A,G), NADP-glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
B,H), phosphoribulokinase (PRK, C,I), sucrose phosphate synthase (SPS, D,J), ADP-glucose pyrophos-
phorylase (AGPase, E,K), and aldose-6-phosphate reductase (A6PR, F,L). Each bar is mean ± SE
(n = 5). Different letters above the bars indicate a significant difference for Tukey’s HSD test at p < 0.05.
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3.4. Crop Load Affected Organic Acid Levels to a Lesser Degree

Four organic acids, malic acid, citric acid, shikimic acid, and quinic acid were measured
from leaf discs taken at noon, dusk, and dawn from different crop load levels. In general,
decreased crop loads led to increased accumulation of organic acids and more compounds
were affected at dusk and dawn than at noon. At noon, only citric acid was affected in low
crop load trees having a concentration that was ~1.7 times of the high crop load trees. At
dusk, malic acid, quinic acid, and citric acid were all found to have a higher concentration in
low crop load trees and increased by a factor of ~1.3, ~1.2, and ~1.2, respectively, compared
with that of high crop load trees. At dawn, concentration in low crop load trees increased
by a factor of ~1.3 for citric acid and quinic acid compared with that of high crop load trees
(Figure 6). There was a greater amount of total organic acids (TOA) in low crop load trees
at noon compared with that of high crop load trees. However, the extra accumulation of
organic acids caused by a decreasing crop load level was smaller in magnitude compared
with that of NSC. The greatest difference between low crop load and high crop load trees
was a factor of 2.2 for TNC, but 1.2 for TOA. Further, a higher ratio of TNC/TOA was
detected in low crop load trees at dusk and dawn. At dusk, the ratio was ~4.2 in low crop
load trees and ~2.4 in high crop load trees; at dawn the ratio was ~5.4 in low crop load
trees and ~3.9 in high crop trees.
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Figure 6. Effects of crop load on the concentrations of organic acids at noon, dusk, and dawn in apple
leaves: malic acid (A–C), citric acid (D–F), shikimic acid (G–I), and quinic acid (J–L). Each bar is
mean ± SE (n = 6). Different letters above the bars indicate a significant difference for Tukey’s HSD
test at p < 0.05.

4. Discussion
4.1. Crop Load Affected Carbon Assimilation in a Positive and Season-Dependent Manner

The manipulation of crop load in our study altered fruit sink, the dominant sink
of the tree during the growing season, and thus the C demand by the whole tree. To
understand how crop load affects C fixation, we measured leaf assimilation rate (A) at
7 DAFB, which was before the crop load adjustment, and between 38 DAFB and 162 DAFB



Horticulturae 2021, 7, 47 10 of 16

(35 days post-harvest). Prior to crop load adjustments, no difference was detected for the
leaf assimilation rate among trees assigned to different treatment levels. Post-adjustment,
crop load demonstrated a positive effect on leaf assimilation. This phenomenon has been
reported on apple [26,27,30,36,61], sour cherry (Prunus cerasus) [62], mango (Mangifera
indica) [34], tangerine (Citrus unshiu) [33], plum (Prunus domestica) [25], peach (Prunus
persica) [27], grapevine (Vitis vinifera) [28,63,64], and coffee (Coffea arabica) [35]. While we
did not measure the leaf area and light interception at the canopy level, it was observed
in “Braeburn” apple that high crop load trees had a higher gas exchange rate both at the
per unit leaf and whole canopy levels [30]. At the end of the growing season, assimilation
rates from different crop load levels converged around 35 days post-harvest (162 DAFB).
The decrease of leaf assimilation rate in medium and high crop load trees would have to
do with the removal of fruit sinks. Changes of photosynthetic rates around harvest were
also observed previously [26,29,30] although with inconsistent details, probably due to
variances in scion and rootstock combinations as well as growing conditions.

This positive relationship between crop load and leaf assimilation during rapid fruit
growth and carbohydrate accumulation was not observed universally [29,38,43,45,46,48,65–67].
We think the discrepancy can be attributed to the following factors: (1) Sink demand is
not the only factor influencing leaf photosynthesis [68]. Its impact on A also depends
on the water [48,68] and nutrient [46,67] status of the plants. When sink demand is high
and nutrients are insufficient for normal growth, nutrient deficiency in the roots could
limit water and mineral uptake and lead to decreased nutrient and water levels in the
leaves [46,66,68]. This explains why photosynthetic rates in some studies decreased with
increased crop load levels [45,46]. In our study, the plants were provided with adequate
water and nutrients to avoid water and mineral deficits, which ensured that proper crop
load effects could be observed. (2) Different plant species vary in their ability to adjust
their sink size. Some display less feedback inhibition under the condition of low sink
strength, especially when the sink size can be readily increased [2]. Therefore, changing
crop load in these species may not correspond with a changing leaf assimilation rate. (3) Leaf
assimilation is regulated at the whole plant level. Given the importance of photosynthesis
to a plant’s survival, the sink regulation of photosynthesis happens at the whole plant
level [2,69]. It was demonstrated in apple that leaf photosynthetic rate responds to fruiting
at the tree level rather than the shoot level, and branch photosynthesis autonomy does not
exist [41,70]. This explains the discrepancy when photosynthesis is observed at the branch
level without girdling [43].

4.2. Reduced Leaf Assimilation Rate in Low Crop Load Trees Was Primarily a Result of Reduced
Rubisco Activity

The activity of Rubisco was lower in low crop load trees compared with high crop load
trees both on a protein basis and on a leaf area basis. In addition, Vc,max, the maximum
Rubisco carboxylation rate derived from A/Ci curves under CO2 limiting situation, was
also the lowest in low crop load trees, suggesting a reduced in vivo Rubisco activity. With
reduced carbon fixation in low crop load trees, we would expect a lower level of PGA,
the first C compound of leaf assimilation. Indeed, the PGA level was lower in low crop
load trees compared with medium and high crop load trees. Given no difference was
observed for the activity of the enzyme GAPDH, this would lead to a lower level of G3P
in the reduction phase of the Calvin cycle. G3P serves as the initial compound for the
regeneration of RuBP, the other substrate for carbon fixation [71]. Although no difference
was detected in the activity of phosphoribulokinase (PRK), a key enzyme that catalyzes the
last and irreversible step of the regeneration of RuBP, reduced G3P level is likely to lead to
reduced RuBP regeneration and availability for carbon fixation. Calvin cycle also requires
chemical energy in the form of ATP and NADPH, which are generated from light driven
electron transport in the chloroplast. The parameter J, which measures the capacity for
electron transport in the chloroplast, was also the lowest in low crop load trees, reflecting a
lower demand for electron transport associated with the lower leaf Rubisco activity in low
crop load trees.
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Throughout the growing season, low crop load trees had lower stomata conductance
(gs) than medium and high crop load trees. Further, stomatal conductance was linearly
correlated with A and explained about 60% of the variance in leaf assimilation, a number
similar to but lower than 80% observed in “Braeburn” apple [30]. This positive linear
relationship between gs and A was also observed in a meta-study in 14 plant species [72].
While the exact mechanism of how photosynthesis interacts with stomata’s behavior has
not been fully elucidated, sucrose has been proposed as a metabolic link that connects
photosynthetic activity in mesophyll cells, a primary location for carbon fixation, with
stomata behavior [73,74]. It is suggested that the majority of the sucrose accumulated in
guard cells is produced by photosynthesis in mesophyll cells and translocated to guard
cells via apoplast [74]. Therefore, sucrose accumulation in low crop load trees could result
in stomata closure either as an apoplastic osmolyte and/or as a signal metabolite that
functions via plant hormone abscisic acid [73].

4.3. Low Crop Load Trees Accumulated a Higher Level of NSC and Organic Acids

Despite reduced leaf carbon assimilation, low crop load trees accumulated a higher
level of sucrose, sorbitol, starch, and TNC compared with medium and high crop load
trees. This extra accumulation of NSC in leaves due to a high source to sink ratio was also
observed previously [25,33,34,36,37,41,42,48,75]. The NSC accumulation in our study was
affected by the diel cycle. Among the three time points monitored, it was at dawn that the
largest difference in concentration for the same compounds was detected across treatment
levels. Compared with low crop load trees, high crop load trees exhibited larger decreases
in the concentration of sucrose and sorbitol at night. From dusk to dawn, low crop load
trees had a 30% decrease in sucrose level and 17% decrease in sorbitol level, while high crop
load trees had a 50% decrease and 36% decrease, respectively. For the level of transitory
starch in the leaves, no difference was detected between dusk and dawn in low crop load
trees, whereas a 60% decrease was detected for high crop load trees (Figure 3). These data
clearly indicate that significantly less carbohydrates were re-mobilized and exported out of
leaves in low crop load trees than high crop load trees.

Low crop load trees also showed extra accumulation TOA. At the individual com-
pound level, low crop load trees had the highest level of citric acid, which was ~1.7-fold at
noon, ~1.2-fold at dusk, and ~1.3-fold at dawn compared with high crop load trees. An
intermediate of TCA, citric acid is the precursor of 2-oxoglutarate (2-OG), which provides
the carbon skeleton for N assimilation [76–78]. With a reduced requirement for C in low
crop load trees, the corresponding requirement for N would be lower. Therefore, this extra
accumulation of citric acid in low crop load trees is most likely a result of reduced consump-
tion of 2-OG for N assimilation. The lower Day Respiration Rate (Rd) in low crop load trees
also reflected this reduced demand for carbon skeleton and energy. Further, N assimilation
mostly happens during the day, and it would first leverage the carbon produced in the
previous night, mostly in the form of organic acids such as citric acid [76–79]. This may
explain why among all the time points we have sampled, the largest difference in citric
acid concentration between high and low crop load trees happened around noon.

4.4. Elevated Carbon Storage in Low Crop Load Trees and TPU Acclimation

The pool size of NSC in leaves is largely determined by carbon synthesis and export.
Most of the photoassimilates in mature leaves are exported to other parts of the plant
via phloem [7]. This transport links carbon status in the sink to carbon metabolism in
the source [2,50,80–83]. In low crop load trees, where NSC were accumulated to a higher
level, a reduced photosynthate export was observed. The significant drop in demand for
photosynthates by the small number of fruits in low crop load trees would slow down
phloem unloading of both sucrose and sorbitol in apple. This would lead to the buildup
of these compounds in the phloem and sink tissues, resulting in increased viscosity in the
sap and high turgor pressure in the sink. Both would lead to a decreased mass flow of
assimilates from leaves [7,81,84], therefore a higher accumulation of NSC in low crop load
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trees. On the synthesis side, we observed increased activity of AGPase, SPS, and A6PR,
three key enzymes for the synthesis of starch, sucrose, and sorbitol, respectively (although
not statistically significant for A6PR). It was previously proposed that an accumulation
of NSC in source leaves may increase the expression of the genes that are involved in
carbohydrate utilization and storage [1,15]. AGPase was also shown to respond to sucrose
accumulation in the leaves [2,50,52,54,80,82].

The increased activity of these enzymes may seem counterintuitive in low crop load
trees. With a decreased carbon consumption capacity in the fruit sink, we would expect
reduced demand for sucrose and sorbitol. Afterall, the whole photosynthesis apparatus
was down-regulated to reduce the availability of end products in low crop load trees. The
important perspective to consider here is the short-term versus long-term response. When
fruit sink was reduced initially in our study, end product accumulation would most likely
lead to reduced synthesis via feedback regulation [2,3]. In the chloroplast, this would be
reflected as reduced utilization of triose-phosphate (TP), the immediate product of carbon
fixation, and the principal form by which carbon is exported out of the chloroplast [85]. In
most plants, TP is largely used for the synthesis of starch in the chloroplast and sucrose in
the cytosol [86]. In apple, sorbitol is also produced in the cytosol in addition to sucrose. TP
utilization (TPU) releases inorganic phosphate (Pi) from phosphorylated intermediates, and
largely determines the rate at which Pi is recycled back to the chloroplast, where it is needed
for ATP production for photosynthesis [3]. Therefore, reduced TPU can reduce the level of
Pi, which in turn will limit photosynthesis [86]. This limitation is mediated through the
deactivation of Rubisco and the reduction of the rate of RuBP regeneration [71]. However,
this may not be sustainable in a long term. Deactivation of Rubisco while maintaining the
total amount of the enzyme means a lot of nitrogen is wasted for producing this highly
abundant protein, and the reduction of RuBP regeneration could lead to light damage
to electron transport components [2,71]. The increased end product synthesis capacity
as indicated by higher AGPase, SPS, and to a lesser extent A6PR activities is similar to
what has been previously described as TPU acclimation [5,86]. This concerted effort to
increase TPU would lead to a shift of resource allocation from Rubisco to enzymes involved
in utilization and storage, so the usage of finite carbon and nitrogen resources can be
optimized. This also suggests that reduction in the total amount of Rubisco as reflected in
its total activity (Figure 5) represents the most effective way of aligning carbon assimilation
with sink demand. We do not yet know how this acclimation happens, but trehalose-6-
phosphate (T6P), a precursor of trehalose and a recently emerged key player in regulating
carbon metabolism, could play a role [9,87,88].

4.5. Leaf Starch as an Indicator of Source–Sink Balance and Difference in Carbon Use between
Apple and Herbaceous Plants

Compared with medium and high crop load trees, low crop load trees accumulated
more starch at noon, dusk, and dawn. Given the low photosynthetic rate in low crop load
trees, a much higher percentage of photosynthates must have been allocated to starch
during the day [30]. Indeed, starch accounted for 30% of the NSC in low crop load trees at
noon but only 15% in high crop load trees. This is largely consistent with previous work
showing that low crop load led to an extra accumulation of starch in apple leaves [30,41].
However, our study further demonstrated that the effect of crop load on leaf starch level
becomes more prominent from noon to dusk and then to dawn. It is clear from our data that
the starch level is very sensitive to changing carbon dynamics, as it exhibited the largest
concentration change (a difference of more than seven-fold) among all the compounds
measured. This sensitivity makes it a good indicator, among all the NSC, of sink demand
and carbon status in apple trees.

Although at dusk high crop load trees had a significantly lower level of transport
sugars (sucrose and sorbitol) and TNC than low crop load trees, at dawn they still retained
more than half of the transport sugars and TNC despite their high C demand. This high
level of carbon inventory at dawn has to do with the passive, symplastic phloem loading
strategy apple has adopted for both sucrose and sorbitol, because certain threshold concen-
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trations are required to drive the diffusion of the transport sugars from mesophyll cells to
sieve element–companion cell complex in the minor veins of leaves before phloem trans-
port [89]. This is fundamentally different from Arabidopsis and most herbaceous plants
that use active phloem loading strategies, either via apoplast or polymer trapping, which
afford them low transport sugar concentrations in leaves [83,90]. Indeed, Arabidopsis
plants export almost all of their TNC by dawn and would show carbon starvation responses
even the night is artificially extended for 2 to 4 h [13,14,91]. The extremely low carbon in-
ventory at dawn in these active loading herbaceous plants allows them to use carbon more
efficiently for rapid growth [83]. In contrast, most woody plants have adopted the passive,
symplastic phloem loading strategy, largely due to the constraint by their low whole-plant
hydraulic conductance [92]. Consequently, these woody plants retain significant carbon
inventories at dawn and have a lower growth rate than herbaceous plants.

5. Conclusions

By manipulating crop load, we found that leaf photosynthesis is closely linked to crop
load in apple. The lower leaf photosynthesis measured in low crop load trees is primarily
caused by reduced Rubisco activity via the long-term sink regulation of leaf photosynthesis.
Low crop load decreases fruit sink strength, leading to extra accumulation of non-structural
carbohydrates in source leaves. Starch appears to be a good indicator for the carbon status
of apple trees due to its sensitivity to alteration in crop load. However, even the high
crop load trees still retain a significant amount of non-structural carbohydrates in leaves
at dawn. This demonstrates that apple is fundamentally different from active phloem
loading herbaceous plants in the way it balances leaf carbon inventories at dawn with
carbon export at night for sink growth. From the perspective of carbon acquisition, crop
load management in apple needs to maximize sink-stimulated leaf photosynthesis, but
the extent to which this can be used to enhance productivity will be ultimately dictated by
the negative effect of increasing crop load on fruit quality and flower bud initiation in the
cultivar of interest.
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